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'  ^Climatological  information  concerning  daily  freezing  conditions  is  of  considerable  interest  to 

military  and  civilian  communities  because  of  the  impact  of  such  conditions  on  traffic  mobility, 
personnel  performance,  and  equipment  function.  In  support  of  strategic  planning,  this  report 
presents  a  series  of  maps  showing  the  geographical  distributions  of  the  annual  incidence  of  frost 
days  ice  days,  and  freeze-thaw  days,  respectively,  over  an  extensive  area  of  the  Northern  Hemi¬ 
sphere  (Hurope  and  U.S.S.R.).  In  addition,  a  number  "f  simple  climatoloeicnl  guides  are  provided 
wher  '.jy  ll.L  -'rove  parameters,  if  required,  might  be  conveniently  derived  from  ordinarily  avail¬ 
able  data,  either  for  a  given  area  or  a  single  station. 
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SUMMARY 


T 


The  geographical  distributions  of  the  annual  incidence  of  frost  days,  ice 
days,  and  freeze-thaw  days,  respectively,  have  been  presented  in  the  form  of  a 
series  of  maps  (figures  2,  3,  and  4)  for  Europe  and  western  U.S.S.R.  The 
results  show  that  away  from  the  coast,  the  annual  frequencies  of  frost  days  and 
ice  days  tend  to  decrease  with  latitude,  whereas  the  incidence  of  freeze-thaw 
days  is  more  erratic  -  generally  greatest  in  the  mid-latitudes, eventually  decreasing 
toward  the  Pole  and  the  Equator. 


Various  practical  engineering  guides,  both  graphical  and  mathematical, 
have  been  provided  whereby  the  different  freezing  conditions  (frost  days,  ice 
days,  and  freeze-thaw  days)  per  given  interval  of  time  might  be  readily  derived 
from  routine  climatological  data.  A  particular  effort  has  been  made  to  consolidate 
or  generalize  the  results  so  that  (as  for  monthly  data)  a  single  graph  (figure  8) 
for  a  given  location  appears  to  have  broad  applicability.  Nevertheless,  special 
studies  are  needed  for  climatic  extremes,  as  in  stations  at  or  near  the  Arctic 
and  Antarctic  Circles  or  in  coastal  or  mountainous  localities. 


On  the  whole,  for  much  of  the  globe,  freeze-thaw  diurnal  cycles  are  not 
derived  from  mean  temperatures  alone.  Usually  information  on  the  mean  daily 
maximum  and  the  mean  daily  minimum  temperatures  is  required.  Based  on  long 
term  observations,  however,  a  few  station  models  were  developed  whereby  the 
monthly  freeze-thaw  diurnal  cycles  over  the  year  could  be  estimated  from  the 
mean  monthly  temperature,  as  from  figure  12  or  equation  (4).  Such  models 
are  not  as  reliable  for  operational  use  as  those  requiring  maximum  and/or  mini¬ 
mum  temperatures. 
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Because  of  the  physical  contraints  associated  with  freeze-thaw,  attempts 
in  the  past  to  relate  freeze-thaw  cycles  directly  to  mean  temperatures  have  usually 
not  met  with  success.  It  is  hoped,  therefore,  that  the  various  models  provided 
in  this  report  help  explain  the  relationship  of  these  cycles  to  the  corresponding 
temperature  regimes,  not  only  for  purposes  of  logistics  and  design  but  also  as  an 
aid  to  bioclimatology  or  to  the  understanding  of  periglacial  activity. 
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PREFACE 

The  impetus  for  an  investigation  of  the  world-wide  incidence  of  daily 
freezing  conditions,  especially  diurnal  freeze-thaw  cycles,  was  generated  hy 
requests  from  several  Army  agencies,  including  the  Test  and  Evaluation  Command 
(TECOM).  Freeze-thaw  cycles  have  numerous  applications  of  military  signifi¬ 
cance.  particularly  with  regard  to  off-road  mobility,  vulnerability  of  roofing, 
and  equipment  malfunction,  Climatological  studies  of  this  nature  provide  weather 
support  for  Field  Army  tactical  operations. 


This  work  was  accomplished  under  Project  4A161 102AT24,  Task  C, 
Work  Unit  001,  “Relationship  between  Environmental  Factors  and  Materiel 
Design  Problems.” 


Appreciation  is  extended  to  the  Environmental  Technical  Applications 
Center,  Asheville,  N.C.,  for  providing  processed  data  for  several  hundred  stations 
in  the  Northern  Hemisphere;  to  Alma  Missouri,  ETL,  for  computational  assis¬ 
tance;  to  Cedric  Key,  ETL,  for  drafting  and  cartography;  and  to  all  colleagues  in 
the  Environmental  Effects  Group  for  their  helpful  suggestions. 


The  work  was  performed  under  the  supervision  of  H.  S.  McPhilimy,  Group 
Leader,  Environmental  Effects  Group  (EEC);  M.  Gast,  Chief,  MGI  Systems 
Division;  Dr.  Thomas  Niedringhaus,  Acting  Group  Leader,  EEG;  Dr.  Donald 
Dery,  Chief,  EEG;  and  Kent  T.  Yoritomo,  Director,  Geographic  Sciences  Labo¬ 
ratory. 


COL  Edward  K.  Wintz,  CE  was  Commander  and  Director  and  Mr.  Robert 
P.  Macchia  was  Technical  Director  of  the  U.S.  Army  Engineer  Topographic 
Laboratories  during  the  report  preparation. 
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A  GENERAL  CLIMATOLOGICAL  GUIDE  TO 
DAILY  FREEZING  CONDITIONS:  FROST  DAYS, 
ICE  DAYS,  AND  FREEZE-THAW  DAYS 


INTRODUCTION 

The  primary  purpose  of  this  report  is  to  present  the  geographical  distri¬ 
bution  of  the  annual  incidence  of  frost  days,  ice  days,  and  freeze-thaw  days, 
respectively,  over  an  extensive  area  of  the  Northern  Hemisphere,  i.e.,  Europe 
and  western  U.S.S.R.  A  secondary  objective  is  to  provide  simple  graphical  and 
mathematical  aids  whereby  such  daily  freezing  conditions  may  be  est:mated  for 
any  interval  of  time  (as  a  year,  a  month,  or  a  season)  from  routine  climatological 
data.  Daily  freezing  conditions  may  be  defined  as  follows:  Frost  days  are  those 
days  with  minimum  daily  temperatures  <  0°  C,  ice  days  are  those  days  with 
maximum  daily  temperatures  «£  0°  C,  and  freeze-thaw  days  are  those  with 
minimum  daily  temperatures  <  0°  C  and  with  maximum  daily  temperatures 
>  0°  C.  Particular  emphasis  is  directed  toward  the  derivation  of  diurnal  freeze- 
thaw  cycles,  a  parameter  not  usually  listed  in  climatic  summaries.  A  given  number 
of  freeze-thaw  days  may  represent  different  combinations  of  frost  days  and  ice 
days.  It  is  necessary  therefore  to  understand  the  relationship  among  all  three 
parameters. 

The  frequency  of  the  various  daily  freezing  conditions  is  of  particular 
importance  to  the  military  because  of  the  impact  on  field  operations,  transporta¬ 
tion,  and  equipment  performance.  For  example,  during  a  bridging  exercise  of 
armed  forces  in  Germany  in  the  winter,  a  spray  of  water  onto  the  deck  suddenly 
iced  over,  producing  treacherous  footing.1  Moreover,  during  a  “free  play” 
maneuver  in  the  same  period,  wheeled  vehicles  became  immobilized  in  a  mixture 
of  ice  and  mud  caused  by  an  unexpected  thaw.  The  field  operations  had  to  be 
cancelled  in  each  case.  Another  problem  is  that  water  from  heavy  rains  accumu¬ 
lates  in  equipment  and  freezes,  causing  malfunction.  Entrapped  water,  on  freez¬ 
ing,  produces  pressure  in  all  directions,  creating  havoc  not  only  with  equipment 
but  also  with  roads,  roofs,  and  many  other  structures.  The  frost  upheaval  of 
roads  in  the  mid-  to  high  latitudes  has  been  studied  extensively  by  departments 
of  transportation  (see  Moulton,  1964  and  Aldrich  1956  listed  in  References) 
throughout  the  United  States  and  elsewhere. 


'Ronald  I.iston  and  Gregory  Wojtkun,  Cold  Regions  Research  und  linginecring  Laboratories  (CRRUL) 
1979:  Communication  (unpublished)  notes  on  a  trip  to  Germany,  Jan-l'cb  1979. 
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A  recent  analysis  of  pothole  formation  was  carried  out  to  determine  the 
extent  to  which  diurnal  freeze-thaw  cycles  were  responsible.  Hershfield  found 
that  the  unusually  large  number  of  potholes  on  the  roads  in  the  eastern  United 
States  after  the  severe  winter  of  1977  -  1978  may  have  been  due  to  the  se¬ 
quence  of  extensive  rain  followed  by  prolonged  cold  and  eventual  thaw,  rather 
than  just  the  frequency  of  the  diurnal  freeze-thaw  cycles.2  The  amount  of  avail¬ 
able  moisture  is  of  course  a  crucial  factor  in  any  consideration  of  the  damaging 
effects  of  temperature  fluctuations  through  0°  C. 

Freeze-thaw  is  also  of  interest  to  the  geologist,  the  hydrologist,  and  the 
agriculturist  (see  Washburn,  1973,  listed  in  References).  In  some  localities,  as 
noted  by  Troll  at  El  Misti,  Peru,  in  the  tropical  highlands,  these  cycles  may  occur 
almost  every  day  all  year  owing  to  rapid  radiational  cooling  at  night  and  intensive 
insolation  by  day.3  Such  action  causes  the  soil  to  break  up  continuously,  pre¬ 
venting  seeds  from  rooting  and  thus  limiting  ground  cover.  Resulting  problems  of 
concern  arc  surface  run-off,  erosion,  flooding,  and  the  bearing  strength  of  the  soil, 
all  of  which  affect  the  military  in  a  variety  of  ways,  especially  regarding  mobility. 


Inasmuch  as  a  great  deal  of  hazardous  frost  action  affects  the  ground, 
knowledge  of  surface  or  ground  temperatures  would  be  highly  useful;  however, 
ground  temperatures  are  not  routinely  reported.  Various  methods  have  there¬ 
fore  been  employed  to  compensate  for  ground-air  temperature  disparities,  a 
subject  to  be  considered  briefly  later  in  this  report.  Unless  otherwise  stated,  the 
temperatures  referred  to  in  this  study  have  been  obtained  from  observations  taken 
in  standard  weather  shelters  at  1.5  to  1.8  m  above  ground  (screen  height). 


3 David  Hershfield,  "I  rcczc-Thaw  Cycles,  Potholes,  and  the  Winter  of  1977-78."  Journal  of  Applied 

Meteorology.  Vo!.  18,  No.  8.  1979,  pp.  1003-1007.  ‘ 

3C.  Troll.  Structure  Soils.  Solifluction,  and  Frost  Climates  of  the  liar  111.  SH'RE  Translation  43,  1958. 
p.  121. 
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BACKGROUND 


Previous  investigators  not  only  have  produced  maps  showing  the  location  to 
the  freezing  isotherm  (0“  C)  over  the  surface  of  the  globe  or  sections  thereof  per 
month  or  season,  (Guttman  1961,  lissa  1969,  HQsAAF  1942)  but  also  have  pre¬ 
sented  the  geographical  distributions  of  diurnal  freeze-thaw  cycles  'er  year  for 
a  number  of  different  countries  or  areas,  including  the  United  State'.,  Canada, 
Poland,  Japan,  and  the  Arctic.  The  References  section,  page  37,  provides 
bibliographic  data  for  specific  reports.  In  certain  of  these  earlier  reports,  freeze- 
thaw  cycles  were  determined  for  specified  temperature  spans  other  than  just 
across  the  freezing  level  -  for  example,  -2°  to  0°  C  (Russell,  1943);  -2.2“  to 
1.1°  C  (Hastings,  1961).  -6.7“  to  10°  C  (Visher,  1945).  A  detailed  region¬ 
alization  of  monthly  freeze-thaw  was  carried  out  by  Williams  for  the  United 
States  and  Canada. J  Annual  patterns  of  monthly  freeze-thaw  are  likewise  cate¬ 
gorized  in  this  report,  but  only  for  broad  temperature  regimes  (table  1). 


Annual  or  monthly  frequencies  of  frost  days,  ice  days,  or  freeze-thaw  days, 
respectively,  were  sometimes  correlated  with  specific  climatological  parameters 
or  indices  Slntara  showed  a  linear  relationship  between  the  number  of  frost 
Ja\s  and  the  mean  daily  minimum  temperature  as  well  as  between  the  number 
of  ice  days  and  the  mean  daily  maximum  temperature  for  a  network  of  stations 
in  Japan  for  January  and  March.5  He  also  produced  a  monthly  graph  in  which 
diurnal  freeze-thaw  cycles  might  be  derived  directly  from  the  corresponding 
mean  daily  maximum  and  minimum  temperatures  for  a  given  station.  Hershfield, 
who  developed  a  similar  graph  based  on  monthly  data  for  a  network  of  stations 
in  the  United  States,  provided  in  addition  a  series  of  station  models  based  on 
annual  data  whereby  ti  e  incidence  of  freeze-thaw  cycles  was  shown  for  different 
combinations  of  mean  daily  maximum  and  minimum  temperatures  6  Fraser 
related  annual  freeze-thaw  incidence  in  Canada  directly  to  mean  diurnal  tem¬ 
perature  range.7 


4l  .  WilUams.  ''Kcgionali/atmn  01  I  rcczc-lhaw  Activiiv,”  Annals  Aincr.  Assoc.  0 con.  14  1964  nn 

597-61  1. 

^11.  Shitara,  "On  Winter  Days  and  Itc  Days  in  Japan,"  Japanese  Prioress  in  ClimatuU^y,  1970.  pp.  85-99 

David  llcrshlicld,  "An  Investigation  into  I requcncies  oil  rcczc-1 'haw  Cycles."  Master’s  1  hesis  University 
of  Maryland.  1973. 

i 

J.k.  1  ra-vcf,  |<civc-|1mw  i  requcncier.  and  Mechanical  Wcjthcriny  in  C  anada."  Antic  Vol.  12.  1959. 
pp.  40  -52. 
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TABLL  1.  Categories  of  l* reeling  Conditions  Relative 

Frequencies  Among  F  rost  Days,  Ice  Days,  and 
Freeze-Thaw  Days  Per  Year  (or  Season,  or  Month) 


Class 

Frost  Days 

lee  Days 

Free/.e-l  haw 

A 

i  oo'.; 

100'! 

0' 

B 

ioo',;; 

Variable 

Variable 

C 

Variable 

Variable 

Variable 

1) 

Variable 

0'i 

Variable 

1 

ov; 

ov; 

o'; 

DATA 


Most  ol  the  data  in  this  report  lor  I  urupe.  the  Soviet  Union,  and  selected 
stations  elsewhere  are  eitlici  based  on  direct  observations  of  frost  days  and  ice 
days  listed  in  various  foreign-language  publications  (see  data  bibliography)  or 
determined  from  over  200  N-suinmaries  ol  temperature  distributions  supplied 
bv  the  U.S.  An  Force  environmental  lechnical  Applications  Center  (1.1  AC). 

I  or  each  weather  station,  a  pair  of  N-smnmaries  gives  monthly  and  annual 
distributions  of  the  daily  maximum  and  minimum  temperatures  respectively 
(see  appendix  A  for  locations  of  various  weather  stations).  Frequencies  ol 
frost  days  and  ice  days  then  had  to  be  computed  from  the  appropriate  temper¬ 
ature  distributions.  Periods  of  observations  varied  greatly  among  the  dill  ere  nt 
sources  from  a  few  years  for  some  ot  the  F.TAC  stations  to  as  many  as 
years  lot  the  Herman  stations.  F.xccpt  for  the  1  I  AC  stations,  the  data  consisted 
of  mean  daily  maximum  and  mean  daily  minimum  temperatures  as  well  as  average 
numbers  of  frosl  days  and  ice  days  lor  the  corresponding  month  or  year.  In  some 
instances,  the  data  for  either  frost  days  or  ice  day  s  were  not  necessarily  coincident 
with  the  temperatures.  In  all  eases,  frequencies  of  frce/e-lhaw  J:IVS  represent 
the  differences  between  the  corresponding  frequencies  ol  trosl  days  and  ice  day.. 


S.  N.iul  Wcjllicr  Service  Cumiiijiia. 
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hi  the  data  analyses,  a  basie  assumption  is  that  the  mean  daily  temperature 
represents  the  average  of  the  daily  maximum  and  minimum  temperatures.  A 
graphical  definition  of  diurnal  freeze -thaw,  based  on  the  above  assumption, 
is  given  in  figure  1.  a  daily  freeze-thaw  nomogram.  It  is  seen  in  figure  1  that 
freeze-thaw  is  theoretically  possible  on  any  day  when  the  daily  mean  temperature, 
x,  for  a  given  diurnal  temperature  range,  y,  is  such  that  -0.5y  <  x  <  O.Sy 
t°  C),  i.c. ,  when  the  coordinates  x  and  y  both  tall  within  the  V-shaped  urea. 
This  area  is  confined  by  the  freeze-limit  line  (y  -  2x)  and  the  thaw-limit  line 
(y  _  _2 x ) :  areas  to  the  right  of  the  V-shapcd  area  are  too  warm  for  freezing, 
areas  to  the  left  are  too  eold  for  thawing. 


TOO 

COLD 


FRF.FZF.-THAW 


TOO 

WARM 


1  I  I  1  i 


10  H  1 7  U 


Mean  Dally  Temperature  °C 


FIGURli  I.  Daily  Frce/e-Thaw  Nomogram. 
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THE  GEOGRAPHIC  DISTRIBUTIONS 
OF  DAILY  FREEZING  CONDITIONS  PER  YEAR 
OVER  EUROPE  AND  WESTERN  U.S.S.R. 

The  geographical  distributions  of  various  freezing  conditions  are  presented 
for  Europe  and  western  U.S.S.R.  in  a  series  of  maps  (figures  2  to  4).  Annual 
frequencies  of  frost  days,  ice  days,  and  freeze-thaw  days  are  shown  respectively 
in  figures  2,  3,  and  4.  Data  from  more  than  1000  stations  are  included. 
Because  of  the  relatively  high  incidence  of  frost  days  compared  to  the  other  two 
parameters,  the  adjacent  isopleths  in  figure  2  represent  a  spacing  of  20  days, 
whereas  the  spacing  is  only  10  days  in  figures  3  and  4. 


FIGURE  2.  Annual  Number  of  Frost  Days:  Europe  and  Western  U.S.S.R. 


!: 
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Note:  Data  for  Sweden  missing. 


FIGURE  3.  Annual  Number  of  Ice  Days:  Europe  and  Western  U.S.S.R. 
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In  general,  near  the  coast,  maritime  influence  appears  to  be  the  primary 
factor  responsible  for  the  distribution  patterns  in  the  cited  figures,  with  latitude 
the  main  factor  inland.  Oceanic  effects  are  particularly  marked  in  Norway, 
where  the  isopleths  in  all  three  cases  parallel  the  coastline.  Away  from  the  coast, 
especially  in  the  U.S.S.R.,  both  frost  days  and  ice  days  increase  with  latitude. 
Freeze-thaw  days,  however,  tend  to  have  relatively  low  incidence  at  very  high 
latitudes  (except  at  some  coastal  or  island  stations),  increasing  toward  mid¬ 
latitudes,  a  pattern  also  observed  in  North  America  (see  Fraser,  1959  listed 
in  References).  The  map  of  ice  days  (figure  3),  somewhat  similar  to  that  of 
frost  days  (figure  2)  in  overall  pattern,  has  decidedly  lower  frequencies,and  the 
ice  days  eventually  diminish  in  the  warmer  climates  of  the  British  Isles  and  the 
Mediterranean  countries.  For  such  areas  -  that  is,  where  there  are  essentially  no 
ice  days  -  the  frequency  of  freeze-thaw  days  is  equivalent  to  that  of  frost  days. 


If  the  map  in  figure  4  were  extended  northward  to  the  Pole,  freeze-thaw 
frequencies  would  reach  zero  in  limited  areas.  Only  stations  in  central  Greenland 
or  on  the  ice  cap  near  the  North  Pole  remain  frozen  at  the  surface  all  year. 
Fven  at  northern  coastal  stations,  although  there  may  be  no  completely  frost- 
free  months,  frost  periods  are  intermittent.  On  the  average  the  number  of  frost 
days  along  the  Greenland  coast  is  about  200-300/year  and  the  number  of  ice 
days  is  about  100-200/year.9  In  the  Antarctic,  some  stations  which  remain 
frozen  all  year  are  Halley,  Byrd,  McMurdo,  and  Vostok,  those  with  some  diurnal 
thawing  in  the  summer  months  are  Showa,  Mimyy,  and  Dumong  D’Urville.10 


The  progression  of  annual  freezing  conditions  from  high  to  low  latitudes 
may  be  broadly  categorized,  as  in  table  1,  with  class  A  too  cold  for  freeze- 
thaw  and  class  E  too  warm.  Class  B,  with  variable  ice  days  but  100%  frost 
days,  is  highly  limited  in  area,  encompassing  the  mentioned  stations  in  the  Arctic 
and  the  Antarctic.  Class  C  represents  most  mid-latitude  stations  with  variable 
numbers  of  frost  days  and  ice  days,  and  class  D  consists  of  mid-  to  low-latitude 
stations,  with  some  “night-frost,”  but  no  ice  days.  Class  E  categorizes  tropical 
stations,  within  the  latitude  belt  25°  N  to  25°  S,  where  cxcep*  for  the  high¬ 
lands  neither  frost  days  nor  ice  days  would  be  expected. 


o 

S.  Orv.  lid.,  "Climates  of  the  Polar  Regions,  ”  World  Survey  of  Climatology,  Vol.  14.  1970.  p.  95. 
^U.S.  Central  Intelligence  Agency,  National  lorcign  Assessment  Center,  Polar  Regions  Allas,  1978. 


Table  1  provides  a  clue  to  the  parameters  that  might  be  required  for 
estimating  freeze-thaw  days,  f  or  instance,  for  those  areas  where  the  number  of 
ice  days  is  nil  (class  D),  only  statistical  information  on  the  daily  minimum 
temperatures  is  required  for  estimating  daily  fr  jze-thaw  cycles.  On  the  other 
hand,  for  those  areas  with  100%  frequency  of  frost  days  but  with  a  variable 
number  of  ice  days  (class  B),  only  information  on  the  daily  maximum  is  re¬ 
required  (%  freeze-thaw  days  =  100%  -  %  ice  days).  For  selected  stations  in  the 
United  States,  Hershfield  found  relatively  good  correlation  between  the  annual 
number  of  freeze-thaw  days  and  the  mean  daily  minimum  temperature.1 1 
Evidently,  for  those  stations  the  frequency  of  ice  days  was  relatively  low.  Table 
1 ,  which  depends  essentially  on  the  temperature  regime,  may  be  utilized  for  any 
interval  of  time,  as  a  season  or  a  month  (for  monthly  data  in  the  mid-latitude, 
classes  A  &  B  would  correspond  to  winter;  C  &  D  to  winter,  spring,  or  autumn; 
H  to  summer).  This  table  helps  explain  some  of  the  problems  associated  with 
past  attempts  to  correlate  diurnal  freeze-thaw  activity  with  mean  temperature 
alone  (see  Washburn,  1973  listed  in  References). 


GENERAL  CLIMATOLOGICAL  MODELS 

Although  frequency  information  on  daily  freezing  conditions  may  be 
available  (figures  2  to  4),  it  is  nevertheless  highly  useful  for  purposes  of  plan¬ 
ning  or  design  to  be  able  to  correlate  such  conditions  with  ordinary  climatic 
parameters.  Relationships  thus  determined  also  serve  as  practical  tools  for  Idling 
in  missing  data  or  assessing  penglacial  activity  or  bioclimatic  limits.  A  variety 
of  graphical  and  mathematical  aids  have  accordingly  been  developed,  in  some 
eases  parallelling  those  presented  earlier  (see  Shitara,  1970;  Eraser,  1959;  and 
Hershfield,  1973  listed  in  References).  An  effort  has  been  made  in  this  study, 
however,  to  consolidate  or  generalize  the  results  as  well  as  to  introduce  new  end 
products  or  new  models.  Quantitative  procedures  are  offered  to  the  extent 
possible. 


1 1  David  Itcrslifield,  “An  Investigation  into  frequencies  of  I  ret- Thaw  Cycles."  Master's  I  hests.  University 
ofMaryland,  1973. 
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Annual  Models.  For  networks  of  weather  stations  in  various  parts  of  the 
Soviet  Union  (see  figure  5  for  areas)  as  well  as  for  Germany,  the  mean  annual 
daily  minimum  temperatures  (Xn)  were  plotted  per  the  annual  number  of 
frost  days  (V  ),  and  the  mean  annual  dady  maximum  temperatures  (Y|n ) 
were  plotted  per  the  annual  number  of  ice  days  (Ym  ). 


0^ 

£ 


NORTHWESTERN  Hffl 
SOUTHWESTERN 
CENTRAL  SIBERIA  Fx'xl 
EASTERN  SIBERIA  IlfTTTlI 


FIGURE  5.  Areas  of  (he  Soviet  Union. 
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It  is  seen  in  figure  6  for  eastern  Siberia  that  the  plots  for  both  pairs  of  para¬ 
meters  appear  to  form  a  nearly  continuous  line.  Other  plots  (not  given)  for 
northwestern  and  southwestern  U.S.S.R.  as  well  as  for  central  Siberia  also 
showed  similar  trends,  whereas  for  Germany  (figure  7)  the  two  regression  lines 
are  more  distinct.  For  all  these  areas,  linear  regression  equations  were  obtained  of 
the  form 


y  =  a  +  b  x 

(1) 

or 

Yn  =  a  +  bXn 

(la) 

and 

(lb) 

300 


ioo|-  Min  vs  Frost  Days  (.) 
j.  Max  vs  Ice  Days  (  A ) 


! 


Mean  Annual  Daily  Minimum  or  Daily  Maximum  Temperature  °C 


I'lGURL  6  Mean  Annual  Number  of  Frost  Days  per  Mean  Daily  Minimum 
Temperature,  Mean  Annual  Number  of  lee  Days  per  Mean  Daily 
Maximum  Temperature:  Las  tern  Siberia. 
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Mean  Annual  Daily  Minimum  or  Daily  Maximum  Temperature  (*C) 


FIGURE  7.  Mean  Annual  Number  of  Frosl  Days  per  Mean  Daily  Minimum 
Temperature,  Mean  Annual  Number  of  Ice  Days  per  Mean  Daily 
Maximum  Temperature:  Germany. 


where 


y 

X 


=  number  of  frost  (ice)  days 
=  mean  daily  minimum  (maximunOtcmp./V 
=  constants 


if 


Xn  =  mean  daily  min,  Yn  =  number  of  frost  days 
X  =  mean  daily  max,  Y|n  =  number  of  ice  days 


Eor  example,  for  eastern  Siberia,  the  annual  number  of  frost  days  may  be  ob¬ 
tained  from 


Yn  =  182.9- 5.6  Xn 
and  the  annual  number  of  ice  days  from 

=  167.4  -  6.1  X,„ 


Y 


The  corresponding  number  of  frec/.e-thaw  days  per  year,  Z,  then  may  be  found 
from 


Z  =Yn-Ym  (2> 

or  for  eastern  Siberia 

Z  «  15.5  +  6  (Xm  -  Xn)  (2a) 

The  above  result  is  somewhat  similar  to  that  obtained  for  Canada  by 
Fraser,  who  also  found  that  the  annual  number  of  free/.c-thaw  days  could  be 
correlated  directly  with  the  mean  annual  diurnal  temperature  range.12  However, 
his  study  was  based  on  the  transition  zone  of  -2°C  to  1°C. 


Constants  for  equations  (la)  and  (lb)  were  likewise  determined  for 
other  sections  of  the  Soviet  Union  (central  Siberia,  northwestern  U.S.S.R.,  and 
southwestern  U.S.S.R.)  as  well  as  for  Germany  (figure  7).  In  table  2.  the  con¬ 
stants  a  and  b,  are  listed  for  the  appropriate  linear  equations  for  each  of  the 
above  areas.  It  is  noted  in  table  2  that  the  value  of  b  increases  with  increasing 
continentality  from  west  to  east,  i.c.,  from  Germany  to  Siberia.  On  the  whole, 
the  linear  fit  gradually  deteriorates  as  temperatures  depart  from  0°C.  Possibly  a 
power  or  log  equation  would  be  more  appropriate  beyond  +15°C. 


From  the  plots  of  the  regression  lines  for  the  German  stations  (figure  7) 
the  annual  frequencies  of  both  frost  days  and  ice  days  were  estimated:  thei 
freeze-thaw  days  were  computed  for  a  number  of  test  stations.  A  comparison  o 
estimated  and  observed  frequencies  of  all  these  parameters  is  given  in  table  2> 
Deviations  were  generally  <C  10  days  per  year  for  at  least  two-thirds  of  all  cases 
the  greatest  single  discrepancy  being  21  freeze-thaw  days  for  1  lohenpeissenberg 
Since  the  number  of  freeze-thaw  days  is  dependent  on  the  other  two  parameters 
errors  in  both  of  these  may  compound  (as  for  1  lohenpeissenberg)  or  may 
counteract  each  other.  Nevertheless,  the  technique  appears  to  yield  fairly  rea 
sonable  order-of-magnitude  estimates  of  freeze-thaw  frequencies  as  well  as  of 
frost  days  or  ice  days. 


"M.K.  1-rascr.  “Irce/e-Tliaw  Ircquoncie:;  and  Mechanical  Weathering  in  Canada,”  Arctic  Vol.  12  1959 
pp.  40-52. 
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TABLE  2.  Constants  for  Equations  (la)  and  (lb)  Annual  Data 
A.  Equation  (la):  Yn  =  a  +  bXn* 


CONSTANTS  TEMPERATURE 


AREA 

a 

1) 

LIMITS  (° 

C)for  Xn 

(iormany  (Table  B2) 

170 

-18.0 

-  1, 

8 

U.S.S.R. 

Southwest 

165 

-10.8 

-  5, 

9 

Northwest 

168 

-  9.7 

-  IS. 

3 

Central  Siberia 

171 

-  6.5 

-  20, 

-8 

Eastern  Siberia 

183 

-  5.6 

-  22, 

11. 

Equation  (lb):  Ym  =  ; 

•  + 

CONSTANTS 

TEMPERATURE 

AREA 

_a_  _b 

LIMITS  (° 

C)f°rX:„ 

(iormany  (table  B2) 

160  -11.0 

o, 

14 

USSR 

Southwest 

196  -9.1 

3. 

21 

Northwest 

186  -  °.2 

-  10, 

1 1 

Central  Siberia 

174  -  6.4 

-  15, 

■*» 

/ 

Eastern  Siberia 

167  -  6.1 

-  13, 

10 

*Yn  =  number  offrost  days.  Xn  =  moan  daily  min,  °C 
tYm  -  number  of  ice  days.  Xm  =  mean  daily  max,  °C 
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Another  direct  estimate  of  animal  iree/.e-thaw  frequencies  was  obtained  by 
I  lersli  field  tor  selected  stations  in  the  United  States  by  means  cl' a.’  index  that  he 
referred  to  as  the  “complement  of  the  frost-free  period.”  (Since  the  Irost  period 
may  contain  some  frost-free  days,  the*  term  “complement  of  the  frost-free 
period"  was  used  instead  of  the  more  conventional  tenn  “Irost  period.”)1  3 
I  Ins  period  is  supposedly  the  average  number  of  days  between  the  first  day  ol 
frost  in  the  autumn  and  the  last  day  of  frost  in  the  spring  (equivalent  to  the 
frost  period).  He  showed  a  linear  regression  (graphic)  between  that  index  and 
,  e  annual  frequency  of  daily  freeze-thaw  cycles  across  the  temperature  interval 
-  0.5"  to  0". 

The  frost  period  has  also  been  employed  as  a  climatological  index  for 
estimating  daily  Iree/.e-thaw  for  a  network  of  German  stations  (table  A 2 ) .  with 
(lie  following  results 

/  =  .54  1)  -33  (r  =•'  .88)  (3) 

where 

1)  ~  duration  of  frosl  period  in  days 

/  ~  annual  numbci  of  free/e-thaw  days  . 

This  equation  is  not  valid  for  stations  in  high  latitudes  or  at  high  elevations  where 
long  and  intense  Irost  periods  are  too  cold  for  thawing  to  occur. 


Monthly  (Seasonal)  Models.  As  with  the  annual  data  (figures  h  ami  7 1. 
the  mean  monthly  number  of  frost  days  were  plotted  per  mean  daily  minimum 
temperature,  and  the  mean  number  ot  ice  days  were  plotted  per  mean  daily 
maximum  temperature  tor  each  month.  November  through  March,  for  the  Ger¬ 
man  stations  (table  \3i.  The  constants  for  equations  (la)  and  (lb),  where 
(lie  variables  now  refer  to  monthly  means,  are  given  in  table  4  I  or  the  temper¬ 
ature  interval  within  encompassing  the  hulk  of  the  data  foi  citliei  frost 

day  s  r  ice  days,  using  equation  (1) 


'3IJjvk1  Ucuhfirld.  "An  Invi'Mizaliun  nilo  i-miiii-ntH's  ul  I  fcc/c-l  luw  (  >v.lcs.”  Master's  I  Ik  sis.  fnin  rsn  .. 
o!  M  Jiy ijnil,  1973. 


y 


13.4  -  2.4  x. 


If  x  =  mean  daily  minimum  temperatures  (°C), 
y  =  the  number  of  frost  days/month. 

If  x  =  mean  daily  maximum  temperatures  (°C), 
y  =  the  number  of  ice  days/month . 


TABLE  4.  Constants  for  Equations  (la)  and  (lb): 

Monthly  Data.  Germany  (see  table  A3) 


Number  frost  days. 

y  .  per  mean  daily  min  °C, 

x  :  y  =a  +  bx„ 

n  J  n  —  —  n 

(la) 

CONSTANTS 

TEMP  LIMITS  (for  X„) 

a 

b 

Nov 

13.7 

-2.6 

~  +  5 

Dec 

13.3 

-  2.6 

~  +  5 

Jan 

13.3 

-2.3 

.v,  +;  5 

Feb 

12.5 

-2.2 

~  +  5 

Mar 

13.7 

-3.0 

~  ±5 

Number  ice  days,  y 

m  .  per  mean  daily  max  °C,  x 

.  y  =  a  +  b  x 

m  J  m  —  —  rn 

(lb) 

CONSTANTS 

TEMP  LIMITS  (for  Xm  ) 

a 

b 

Nov 

5.5 

-0.6 

<  8 

Dec 

13.7 

-  2.3 

~  +  5 

Jan 

13.6 

-2.3 

~  i  5 

Feb 

12.9 

-  2.1 

^  +  5 

Mar 

4.7 

-0.5 

<  10 
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Based  on  the  data  for  the  above  German  stations,  figure  8  then  consists 
of  a  consolidated  curve  (partly  manual)  for  estimating  frost  or  ice  days  for 
any  month  from  November  through  March,  given  the  required  parameters,  i.e. , 
the  corresponding  mean  daily  minimum  or  maximum  temperature.  Using  figure 
8,  estimates  were  made  of  frost  days  and  ice  days,  with  freeze-thaw  days  then 
determined  in  each  case  from  the  above  parameters,  for  27  stations  (table  A2) 
for  the  different  months.  The  observed  and  the  estimated  freeze-thaw  incidences 
were  compared  for  November  through  March  for  these  stations,  the  average 
deviations  per  month  being  respectively  1.0,  1.7,  1.4,  1.6,  and  1.0  days. 
(Once  the  percentage  of  days  is  determined  per  30-day  month,  the  corresponding 
number  of  days  per  given  month  is  computed  on  the  basis  of  the  actual  number 
of  days  for  that  month.)  In  addition,  estimated  and  observed  monthly  freeze- 
thaw  days  were  compared  for  10  widely  scattered  stations  for  all  months  of  the 
year  (table  5).  For  the  latter  cases  the  discrepancies  were  somewhat  greater, 
as  expected,  although  in  only  two  instances  (out  of  60)  were  they  as  high  as 
six  (20  percent)  days  per  month,  with  only  about  eight  instances  as  high  as 
three  days  (10  percent). 


Mein  Dally  Minimum  or  Mean  Daily  Maximum  Tempeiature  °C 


FIGURE  8.  Mean  Monthly  Number  of  Frost  Days  per  Mean  Daily  Minimum 
Temperature,  Mean  Monthly  Number  of  Ice  Days  per  Mean 
Daily  Maximum  Temperature:  Germany,  Consolidated  Plot 
(November-March). 
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TABLE  5.  Estimated  and  Observed  Number  of  Days  per  Month 

of  Freeze-Thaw  .  Selected  Stations. 


J 

F 

M 

A 

M 

J 

J 

A 

S 

o 

N 

D 


Skopje, 

Yugoslavia 

Est  Obs 


Lin-Yu, China 


Dulles 
Airport,  VA 


Tehran,  Iran 


Flagstaff, 

AZ 


16 
18 
1 1 


0 

0 

0 

0 

1 

4 

15 


18 

18 

13 


0 

0 

0 

0 

4 

8 

14 


Nord, 

Greenland 

Est  Obs 


J 

r 

M 

A 

M 

J 

J 

A 

S 

O 

N 

D 


0 

0 

0 

0 


1 1 

9 

9 


4 

0 

0 

0 


0 

0 

d 

0 


14 
i: 

15 


Est 

16 

20 

17 

3 

0 

0 

0 

0 

0 

-> 

17 

19 


Obs 

14 

19 

21 

5 

0 

0 

0 

0 

0 

19 

18 


Verkoyansk, 

U.S.S.R. 


Est 

0 

0 

0 

7 


21 

0 

0 

0 


Obs 

0 

0 

* 


21 

4 


18 

3 

0 

0 


Est 

Obs 

Est 

Ob 

Est  Obs 

23 

19 

18 

19 

29  25 

20 

20 

13 

15 

27  25 

15 

17 

4 

6 

29  28 

3 

6 

♦ 

♦ 

20  26 

0 

1 

0 

0 

12  15 

0 

0 

0 

0 

3  3 

0 

0 

0 

0 

*  * 

0 

0 

0 

0 

*  * 

0 

♦ 

0 

0 

2  3 

4 

0 

0 

15  19 

ll 

15 

n 

4 

26  27 
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Although  the  constants  in  table  4  were  obtained  from  long-term  data 
for  a  network  of  stations  in  a  given  area,  a  parallel  investigation  was  also  made 
for  a  single  site,  namely  Zugspitze,  Germany,  a  high  elevation  station  (2692m). 
The  data  for  this  station  were  for  a  series  of  individual  years,  beginning  in  1900 
and  continuing  through  1950.  At  Zugspitze,  peak  freeze-thaw  incidence  occurs 
in  the  summei.  Despite  the  differences  in  climatic  conditions  and  data  employ¬ 
ment,  constants  similar  to  those  in  table  4  for  the  months  of  December,  January, 
and  February  were  obtained  for  Zugspitze  for  the  months  of  June,  July,  and 
August. 


Once  the  relationship  between  the  mean  daily  minimum  temperature  and 
the  number  of  frost  days  -  as  well  as  the  relationship  between  the  mean  daily 
maximum  temperature  and  the  number  of  ice  days  -  per  a  given  interval  of  time 
has  been  extablished,  it  is  possible  to  generate  subsequent  climatological  guides. 
For  instance,  if  figure  8  is  used  as  a  basis  for  monthly  data,  then  figures  9  and 
10  arc  examples  of  monthly  freeze-thaw  climatological  guides  that  may  be 
derived  from  such  information.  In  figure  9  freeze-thaw  incidence  depends 
directly  on  the  mean  daily  maximum  and  minimum  temperatures,  whereas  in 
figure  10  freeze-thaw  depends  on  the  alternate  parameters,  mean  daily  temper¬ 
ature,  and  mean  diurnal  temperature  range.  Graphs  somewhat  similar  to  figure  9 
have  also  been  produced  previously,  the  main  difference  being  that  both  figure 
8  and  figure  9  represent  averages  for  several  months,  whereas  the  earlier  graphs 
were  for  either  a  specific  month  or  a  specific  location.14,15  Figure  10,  a  de¬ 
parture  in  format  from  the  earlier  models,  follows  the  trend  indicated  in  the  daily 
freeze-thaw  nomogram  (figure  1). 


14ll  Shitaia,  "On  Winter  Days  and  Ice  Days  in  Japan."  Japanese  Progress  in  Gimatology,  1970,  pp. 
85-99. 

15 David  Hctsh field,  “An  Investigation  into  I  rcqucndcsof  I  rccec-Thaw  Cycles."  Master's  Thesis,  University 
ofMaiyland,  1973. 
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Mean  Monthly  Number  of  FrteM-Thiw  Dsyj 


Per  Month 


Temperature  Range 


Station  Models.  A  few  station  models  of  monthly  freeze-thaw  incidence 
per  mean  monthly  temperature  and  mean  diurnal  temperature  range  throughout 
the  year  are  given  (figure  11)  for  the  ready  comparison  of  different  climates. 
The  following  stations  are  included  in  figure  1 1 .  (A)  Polar  Station,  U.S.S.R.; 
(B)  International  Falls,  Minnesota;  (C)  Munchen,  Germany;  and  (D)  Fort 
Flatters,  Algeria.  It  is  seen  that  Polar  Station  (high  latitude)  is  too  cold  to 
experience  freeze-thaw  in  the  winter.  However,  International  Falls  (highly  con¬ 
tinental)  is  subject  to  a  double  peak  of  freeze-thaw  days,  in  the  autumn  and  in 
the  spring,  whereas  Munchen  (moderate  climate)  has  some  diurnal  freeze- 
thaw  throughout  much  of  the  year  except  for  the  summer,  i.e.,  from  September 
to  May.  More  limited  freeze-thaw  cycles  are  noted  at  Fort  Flatters,  Algeria, 
the  low  latitude  desert  station.  In  table  6,  characteristics  of  the  climate  with 
respect  to  freeze-thaw  diurnal  cycles  are  given  for  selected  sites,  including  those 
in  figure  1 1 . 


Another,  perhaps  more  direct,  way  of  comparing  freeze-thaw  temperature 
regimes  is  shown  in  figure  12,  where  freeze-thaw  frequency  per  month  is  plotted 
directly  against  mean  monthly  temperature  without  regard  to  time  of  year.  The 
plots  in  figure  12  are  all  somewhat  smoothed.  Appendix  B  contains  examples 
of  unsmoothed  plots  for  two  stations  (figure  Bl).  The  station  models  in  figure 
12  were  found  to  be  represented  by  a  single  empirical  equation,  namely 


y  =  a  sin  Q 


(4) 


where  y 

a 

Q 

[Q  in  radians  (1.57 
b 


=  %  days  per  month  with  freeze-thaw 
=  amplitude  of  curve  (peak  -  monthly 
freeze-thaw) 

=  1.57  (.x  +  b)/b 
■=  conversion  factors)) 


x  =  temperature  at  peak  rA  (usually  0°  C),  i.e.,  at  y  =  a 
x  n  =  temperature  at  which  freeze-thaw  is  nil  =  cut-off 
temperature,  i.e.,  y  =  o 
x  =  mean  monthly  temperature  (°C) 
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A.  High-latitude,  extremely  colu 
I.  Polar  Station  U.S.S.R 


B.  Mid-iatitude,  highly  continental 
11.  International  Falls,  Minn. 


C.  Mid-latitude,  moderate  climate  Low-latitude,  desert 

III.  Munchen,  Germany  IV.  Fort  Flatters,  Algeria 


Note; 

AT  =  Mean  Diurnal  Temperature  Range  °C' 
T  =  Mean  Monthly  Temperature. 


FIGURE  11.  Examples  of  Annual  Patterns  of  Mean  Monthly  Free/e-Thaw 
Diurnal  Cycles,  Temperature,  anrl  Diurnal  Temperature  Range. 


T  Days  Per  Month  With  Free/.e-Thaw 


j^gL£  5  Annual  Patterns  of  Freeze-Thaw  Diurnal  Cycles:  Peak  Seasonal  or  Monthly 
Freeze-Thaw  Diumal  Cycles  per  Latitude  and/or  Climatic  Zone. 
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Percent  Days  Per  Month  With  Freeze-Thaw 


Figure  12.  Percent  Days  per  Month  With  Freeze-Thaw  per  Mean  Monthly 
Temperature:  Station  Models  (Smoothed  Plots). 

Table  7  lists  values  for  and  b  for  equation  (4)  for  selected  stations, 
including  those  in  figure  12.  Figure  B2  shows  two  examples  of  theoretical 
plots  for  given  values  of  b  and  a  range  of  values  of  a. 


In  some  cases,  a  given  model  (as  in  figure  12)  might  serve  a  group  ui 
stations  of  similar  climate.  F.xpeetally  striking  in  tiiis  figure  are  the  differences 
at  a  given  temperature  of  the  frequencies  of  freeze-thaw  diurnal  cycles  for  the 
different  temperature  regimes  shown,  i.c . ,  Flagstaff  (desert),  Alpena  (continen¬ 
tal),  Boston  (moderate),  Zugspitze  (very  cold).  All  the  s'  it  ion  models  in  figure 
1 2  are  based  on  long-term  averages. 


In  the  case  of  Zugspitze,  since  data  were  available,  the  mean  monthly 
temperature  was  plotted  per  the  percent  frequency  ot  days  with  lreeze-thaw 
for  a  single  month  (June),  year-by-year  for  a  50-year  period.  The  result  was 
indeterminate.  On  the  other  hand,  separate  plots  for  June  ot  the  mean  daily 
minimum  temperature  per  number  of  frost  days  and  the  mean  daily  maximum 
temperature  per  number  of  ice  days  provided  relatively  good  linear  relationships, 
as  noted  earlier. 


TABLE  7.  Constants  for  Equation  (4)*: 

Stations  in  U  S.  and  Germany. 


Limiting  Mean 
Monthly  Temp  for 
Constants  Freeze-Thaw  Regime 


b  Wannest  Coldest 

(°C) 


USA 

Dulles,  VA 

66 

16 

16 

0 

Baltimore,  MD 

64 

14 

14 

0 

Charleston,  WV 

57 

16 

16 

0 

Boston,  MA 

53 

12 

12 

_ 

Alpena,  Ml 

66 

b  -  10,  x>0°C 
b  =  16,  x<0°C 

16 

-  10 

Flagstaff,  AZ 

90 

16 

16 

Germany 

Munchcn 

48 

10 

10 

0 

Zugspitze 

43 

10 

-  10 

*y  =  a  sin  Q 

Q  (radians)  =  1 .57  (x  +  b)/b 
x  =  mean  monthly  temp,  °C 
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GROUND  FROST 


Most  investigators  of  diurnal  freeze-thaw  cycles,  although  analyzing  tem¬ 
perature  data  at  screen  height  (1.5  to  1.8m),  have  nevertheless  been  concerned 
with  ground  temperatures,  data  not  routinely  available.  In  order  to  allow  for  the 
invariably  greater  range  of  ground  temperatures  compared  to  air  temperatures, 
freeze-thaw  cycles  have  sometimes  been  based  on  relatively  broad  temperature 
zones,  as  mentioned  (see  Russell,  1943;  Visher,  1945;  and  Williams,  1964  listed 
in  References).  In  any  ease,  various  studies  have  been  carried  out  to  establish 
ratios  between  frequencies  of  freeze-thaw  cycles  at  the  ground  and  those  of  the 
air  (see  Wilson,  1969  and  Washburn,  19?3  listed  in  References).  Often  such 
ratios  represent  long-term  averages 


In  contrast  to  the  abo^e  climatological  means,  a  comparison  was  made  of 
ground  frost  and  air  frost  in  Great  Britain  for  a  network  of  stations  for  the 
individual  years  1957  and  1963,  a  relatively  mild  and  an  extremely  cold  year, 
respectively.  The  resultant  ratios  of  ground  frost  over  air  frost  are  highly  variable 
not  onh  among  neighboring  stations  but  also  at  a  single  site  for  different  times. 
While  the  ratios  tor  the  milder  year  ot  1957  were  general!;  higher  than  that  of 
1963.  both  ground  and  air  were  considerably  eoldcr  in  the  latter  year  (with 
greater  likelihood  of  low  level  inversions).  Consequently  an  investigation  of 
such  ratios  tor  different  weather  conditions  is  therefore  indicated  for  operational 
needs.  Moreover,  since  water  is  the  basic  ingredient  for  all  frost,  most  important 
of  all  is  a  consideration  of  the  prevalence  of  moisture  in  any  form  (dew,  pre¬ 
cipitation.  i  un-off)  either  preceding  or  during  frost  occurrence. 


CONCLUSIONS 


It  is  concluded  that 

1.  The  climatic  phenomenon  of  the  diurnal  freeze-thaw  cycle  has  a  number 
of  military  and  civilian  implications. 

2.  From  annual  data  for  a  network  of  stations  in  a  specified  area,  linear 
regression  equations  may  be  developed  such  that  order-of-magnitude  estimates  of 
diurnal  freeze-thaw  cycles  may  be  readily  made  for  any  other  station  in  that  area. 

3.  From  monthly  data  in  a  given  mid-laf'tude  rgion,  a  variety  of  charts 
may  be  produced  whereby  diurnal  freeze-thaw  frequencies  may  be  derived  either 
from  mean  daily  maximum  and  mean  daily  minimum  temperatures  or  from  the 
alternate  set  of  parameters,  namely  mean  daily  temperature  and  mean  diurnal 
temperature  range:  The  results  appear  to  have  widespread  applicability. 

4.  The  need  for  synoptic  studies  is  indicated,  particularly  of  low  level  in¬ 
versions,  since  the  use  of  an  established  ratio  of  ground  freeze-thaw  diurnal  cycles 
to  screen  height  freeze-thaw  diurnal  cycles  based  on  a  long  period  of  tim  can  no  i 
be  counted  on  for  operational  use. 
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APPENDIX  B.  Additional  Examples  of  Station  Models 
(Empirical  and  Theoretical). 
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Mean  Monthly  Temperature  °C 
a.  Akureyri,  Iceland 


Mean  Monthly  Temperature  °C 
b.  Sault  Ste.  Marie,  Michigan 


Note:  Computed  on  30-day  basis. 

FIGURE  Bl.  Percent  Days  per  Month  with  Freeze-Thaw  per  Mean  Monthly 

Temperature.  Empirical  Plots. 


APPENDIX  B.  (Continued) 
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Note:  Computed  on  30-day  basis. 


FIGURE  B2.  Percent  Days  per  Month  with  Freeze-Thaw  per  Mean  Monthly 

Temperature:  Theoretical  Plots. 


